Purpose The purpose of this study is to investigate whether erythrocyte-sperm separation medium (ESSM) has effects on human sperm motility, morphology, viability, membrane maturity, acrosome integrity, and nuclear attributes before and after cryopreservation. Methods Semen samples from normozoospermic (n = 36) and oligozoospermic (n = 9) patients were analyzed. Samples from the same patient were divided into three aliquots: group 1 and group 2 were resuspended in sperm washing media and ESSM, respectively. Group 3 was resuspended in ESSM with blood sample to mimic the extensive number of erythrocytes in the testicular sperm extraction (TESE) material. All groups were evaluated for sperm concentration, motility, Kruger/ Tygerberg strict morphology, viability by eosin-nigrosin staining, membrane maturity by hyaluronic acid-binding assay (HBA), acrosomal integrity by Pisum sativum lectin staining, chromatin maturity by aniline blue staining, and DNA integrity by TUNEL assay before and after cryopreservation. Results No significant difference was determined between ESSM-treated and ESSM-untreated sperm samples for the sperm parameters tested (p > 0.05). After cryopreservation, total sperm motility and viability decreased regardless of ESSM used. The percentages of sperm with Tygerberg normal morphology, intact acrosome, and HA-bound sperm were found to be lower in oligozoospermic samples before cryopreservation in each group. However, no statistically significant differences were found between oligozoospermic and normozoospermic samples when all groups were compared.
Introduction
Infertility is a common medical problem affecting more than 70 million couples around the world [1, 2] and male factors contribute to more than half of the cases [3] . Introduction of intracytoplasmic sperm injection (ICSI) is one of the most reliable methods to ensure fertilization in these cases [4] . Previously, it was assumed that men with nonobstructive azoospermia (NOA) were untreatable due to the absence of spermatozoa in the sediment of a centrifuged semen sample [5] . However, the development of surgical sperm retrieval techniques such as testicular sperm extraction (TESE) [6] and further demonstration of fertilizing ability of testicular sperm with ICSI offered a great chance for parenthood to these couples [7, 8] .
The TESE process requires several surgical biopsies from the testes. In order to retrieve spermatozoa from these biopsies, mechanical [9] , enzymatic [10] or a combination of both dissociation [11] techniques must be applied to the tissues in a petri dish containing medium. Even though the first successful pregnancy reported was by the use of enzymatic digestion of TESE material followed by ICSI treatment [12] , it requires incubation of testicular tissues with different enzymes such as collagenase type IA or trypsin-DNAse [13] which may actually create negative effects on spermatozoa including decreased motility [10] or formation of intercellular bridges [14] . In the case of mechanical dissociation, testicular tissue pieces are minced and shredded in a petri dish containing medium to obtain spermatozoa. Although mechanical preparation of testicular tissues is quite fast in many cases, it could also cause contamination of cellular suspension by residual tissue pieces or cells such as erythrocytes. In a recent study, it has been shown that 37% of couples, who applied to infertility clinics due to NOA, have obtained live birth deliveries after TESE-ICSI treatment [15] . Although TESE-ICSI treatment is the first line of treatment for NOA [16] , the success of sperm retrieval after TESE depends on the degree of testicular failure. According to the literature, spermatozoa cannot even be isolated from testicular tissues in 30-50% men with NOA even after long search [5] . Therefore, sperm extraction from testicular biopsies is crucial for the ICSI procedure. Furthermore, cryopreservation of obtained sperm is important for the infertility treatment since it provides the opportunity to perform more than one ICSI cycle [17] and reduces the necessity of repeated surgical sperm retrieval procedures which could potentially cause permanent testicular injury [18] . Thus, cryopreservation of testicular spermatozoa has significant medical, emotional, time wise, and financial benefits for patients [15] .
In difficult cases with very few sperm cells, the abundant erythrocytes present after shredding the testicular biopsy makes sperm retrieval difficult by lengthening the time required to find sperm [19] . Nagy et al. (1997) showed that lysing erythrocytes in testicular biopsies that do not appear to contain visible spermatozoa facilitates the sperm recovery. The study included seven ICSI treatments out of 15 NOA cases and reported no difference in fertilization or development rates between erythrocyte lysing buffer-treated and erythrocyte lysing buffer-untreated samples [19] . Despite the use of erythrocyte-sperm separation medium (ESSM) in different clinics nowadays, the effect of this medium on sperm parameters remains uncertain. Thus, in the present study, we aimed to determine the possible effects of ESSM treatment on several sperm parameters before and after cryopreservation since in most cases, TESE-extracted sperm is cryopreserved.
Materials and methods

Selection of study samples
Since pre-epididymal testicular sperm is precious for ICSI procedure in clinics, semen samples were obtained and studied from the leftover portion of semen after routine semen analysis at the Andrology Laboratory, Department of Urology, Akdeniz University School of Medicine. All patients had a normal physical evaluation and their ages were ranging from 18 to 52. The average ages of the patients in the normozoospermic and oligozoospermic groups were 35.28 ± 1.51 and 36.67 ± 2.55, respectively. The samples were collected by masturbation into sterile wide mouth plastic jars following 2-5 days of sexual abstinence. Samples were allowed to liquefy at room temperature, then sperm concentrations were assessed according to World Health Organization (WHO) criteria 2010 [20] . Both normozoospermic (93.26 ± 16.28 × 10 6 sperm/Ml; n = 36) and oligozoospermic (10.26 ± 2.08 × 10 6 sperm/Ml; n = 9) sperm samples were included in the study (totally, n = 45 samples). In addition to sperm concentration, the sperm initial motility, morphology, viability, and sperm membrane maturity by hyaluronic acid-binding assay (HBA) were analyzed ( Table 1) . All studies were approved by Ethical Committee of School of Medicine in Akdeniz University (11.06.2013/114).
Experimental design and sample preparation
To evaluate the possible effects of ESSM on semen parameters, TESEparate™ (Korpus Biotechnology, Ankara, Turkey) ESSM was used. After assessment of initial sperm parameters, the samples were divided into three aliquots to establish experimental groups; the effect of ESSM on semen parameters was then evaluated before and after sperm cryopreservation (Fig. 1) .
To remove seminal plasma, sperm samples were layered on a 40-80% isolate gradient (Irvine Scientific, Santa Ana, California) and centrifuged at 400 g for 10 min at room temperature. After resuspending the sperm pellet in sperm washing medium (Irvine Scientific, Santa Ana, California), the sperm suspension was centrifuged at 400 g for 5 min at room temperature to remove gradient solution. The sperm pellet was resuspended in sperm washing medium and total volume divided into three sterile 15 mL Falcon® centrifuge tubes. The three different tubes of sperm samples were centrifuged at 400 g for 5 min at room temperature. Group 1 (untreated) was resuspended in 3 ml of sperm washing media. Group 2 was resuspended in 3 ml of ESSM to test the effects of ESSM on sperm. Group 3 was resuspended in 3 ml of ESSM with a blood sample (2-5 μl) to mimic the extensive number of erythrocytes in TESE material. Group 3 was included to compare the potential effects of hemoglobin release on sperm in comparison to group 2 without blood present. Samples were incubated in related media for 5-10 seconds and centrifuged at 400 g for 5 min; sperm pellets were resuspended in sperm washing medium. This washing step was repeated. After the final washing step, all groups were evaluated for sperm concentration, motility, morphology, viability, membrane maturity (HBA), acrosome integrity, chromatin maturity, and DNA integrity. All parameters were evaluated before and after sperm cryopreservation.
Sperm concentration and motility determination
The semen samples were mixed before each measurement and applied to the Makler chamber. Ten squares in Makler chamber were evaluated from two drops of each sample. Sperm Fig. 1 Experimental design of the study. HBA hyaluronic acid-binding assay, SW sperm washing medium concentration and percent motility were determined by calculating the mean value from two drops.
Morphological assessment of sperm 5-10 μl aliquots of sperm suspension were smeared onto clean, glass slides and were allowed to air-dry. The smears were then stained with Spermac™ kit (FertiPro N.V., Beernem, Belgium) according to the manufacturer's instructions. Sperm morphology was assessed according to Kruger/Tygerberg criteria [21, 22] . To evaluate sperm morphology, at least 200 sperm (100 sperm twice) were counted for each slide; the percentages of morphologically normal sperm were calculated [23] .
Eosin-nigrosin staining for sperm viability
The underlying principle of eosin-nigrosin staining is based on cell membrane integrity [24] . Equal volumes of sperm suspension and eosin-nigrosin stain (1:1) were mixed in 1.5 ml sterile tubes, incubated 30 seconds at room temperature, and then smeared onto clean, glass slides. Spermatozoa were evaluated at ×400 magnification; at least 200 sperm (100 sperm twice) were counted for each slide; the percentages of live (unstained) and dead (stained with eosin) sperm were calculated.
Hyaluronic acid-binding assay (HBA) (membrane maturity)
Hyaluronic acid (HA) is a polysaccharide in the extracellular matrix of the cumulus oophorus [25] [26] [27] . Since sperm plasma membrane remodeling, the formation of zona pellucida and HA-binding sites are related; the hyaluronic acid-binding assay (HBA) has been suggested as a novel technique to select mature sperm with no cytoplasmic retention, persistent histones, and DNA chain breaks [28] [29] [30] [31] . 7 μl aliquots of sperm suspension were added to the HA-coated surfaces of HAbinding slides (Origio, MidAtlantic Devices Inc., USA) [31, 32] . Gridded cover slips were placed on slides and HA-bound and HA-unbound spermatozoa were counted [30, 32] . At least 200 sperm (100 sperm twice) were counted and the final percentage of HA-bound and HA-unbound sperm was determined by averaging two counts.
Pisum sativum lectin (PSA) staining for acrosome integrity
The outer acrosomal membranes [33] and lectins are widely used to assess the acrosome reaction in vitro [34] . Pisum sativum lectin binds to α-mannosyl residues in the acrosomal matrix [35, 36] and fluorescence-labeled lectin staining was performed to assess acrosome reaction of ESSM-treated and ESSM-untreated sperm before and after cryopreservation with a previously published protocol [30] . The scoring criteria indicated as follows: (1) spermatozoa with intact acrosome were defined by bright fluorescence over the sperm head, (2) moderate fluorescence over the sperm head, (3) meridional linear fluorescence around the sperm head reflected capacitating spermatozoa, or (4) dark sperm head without fluorescence indicated acrosome-reacted dull sperm [30] . The evaluation of acrosomal status was performed using Olympus BX61 fluorescence microscope at ×600 magnification. 200 sperm (100 sperm twice) were counted and the percentage was determined by averaging two counts.
Aniline blue staining for sperm chromatin maturity
The degree of histone-protamine transition can be assessed by aniline blue staining [37] . Acidic aniline blue stains histones so that mature sperm (light) were stained with aniline blue very lightly, since they have completed histone-protamine transition. To determine whether ESSM treatment affects the histone-protamine transition, staining was performed as previously described [38] [39] [40] . 200 sperm (100 sperm twice) were counted at ×400 magnification. The percentages of mature sperm (light), moderately immature sperm (intermediate), and severely immature sperm (dark) were determined by calculating the mean value from two counts.
DNA integrity assessment by TUNEL assay
The sperm slides were prepared by adding 2 or 3 drops of PBsuc to clean poly-L-lysine-coated glass slides; 3-5-μl aliquots of the sperm suspension were added into the PB-suc drops. Glass slides were incubated overnight in a humidified chamber at 4°C to allow the sperm to settle onto the poly-L-lysinecoated slides. The following day, spermatozoa were fixed with 3.7% formalin in PB-suc for 20 min. After removal of the formalin, the slides were allowed to air-dry. Following two PB-suc washes, the slides were exposed to permeabilization solution (0.1% Triton X-100 in 0.1% sodium citrate). After permeabilization, samples were washed with PB-suc twice and incubated with TUNEL reaction mixture in the dark at 37°C for 1 h. The TUNEL label solution and TUNEL dilution buffer with the enzyme omitted were applied to some slides as a negative control at the performance of each experiment (Roche, Basel, Switzerland). The sperm were then examined under Olympus BX61 fluorescence microscope at ×600 magnification. On each slide studied, 200 sperm cells were randomly counted and the percentage of apoptotic cells was determined.
Sperm cryopreservation
The sperm samples (n = 30) were cryopreserved rapidly by using freezing medium containing Test yolk buffer with gentamicin sulfate (cat# 90128; Irvine Scientific, CA, USA). The sperm suspensions were transferred to cryovials and the equal volume of freezing medium was slowly added dropwise, mixing thoroughly as each drop was added. Cryovials were loaded into straws and straws were placed at a distance of 5 cm above the level of liquid nitrogen for 15 min and then immersed in liquid nitrogen.
Sperm thawing
The sperm samples were thawed in a water-bath at 37°C for approximately 2 min. Once the sperm was thawed, the sperm was transferred immediately to sterile 15-ml centrifuge tubes, washing medium added, mixed gently, and centrifuged at 400 g for 5 min at room temperature to remove freezing medium. After centrifugation, the sperm pellet was resuspended in sperm washing medium (Sperm washing medium, Irvine Scientific, Santa Ana, CA, USA) and the same sperm parameters were evaluated as were perform ed before cryopreservation.
Statistical analysis
All data was exported directly to Microsoft® Office Excel® 2007 (Microsoft; Redmond, USA) and statistical analysis was performed by SigmaStat® 3.5 (Systat Software; San Jose, USA). Samples were grouped by different media conditions (groups 1, 2 and 3) or before and after cryopreservation. The differences were evaluated by one-way ANOVA or paired t test, respectively. All data were expressed as mean ± SEM and statistical significance was defined as p < 0.05.
Results
Sperm motility
In order to evaluate the potential effects of ESSM on sperm motility, the percentage of sperm motility in three groups was evaluated before and after cryopreservation ( Table 2) . Following the thawing of samples, there was a significant difference (p < 0.05) between raw total sperm motility (43.03 ± 2.74%) and frozen-thawed sperm total motility with either group 1 (28.67 ± 4.13%), group 2 (25.12 ± 3.64%), or group 3 (23.50 ± 3.70%). However, no significant difference was determined between group 1, group 2, and group 3 for either oligozoospermic or normozoospermic samples before cryopreservation. Similarly, after cryopreservation, sperm motility did not show significant difference between the three groups. Our data showed that total sperm motility decreased after cryopreservation regardless of the ESSM; thus, it is the cryopreservation process which resulted in a loss of motile sperm during the freezing and thawing process.
Sperm morphology
The percentage of normal sperm morphology was compared between the three groups. Data analysis was performed with both overall data and data from oligozoospermic and normozoospermic samples. As presented in Fig. 2a , the results indicated that ESSM did not have an adverse effect on sperm morphology between the three groups when compared to before and after cryopreservation for the overall data (p = 0.96 and p = 0.49, respectively). The percentage of sperm with normal morphology was found to be lower in oligozoospermic samples before cryopreservation in each group. However, the results were not any different in oligozoospermic or normozoospermic samples between groups 1, 2, and 3 either before (p = 0.92 and p = 0.69, respectively) or after cryopreservation (p = 0.60, both).
Sperm viability
According to the eosin-nigrosin staining data, sperm viability decreased significantly after cryopreservation (Fig. 2b) . However, when comparing the groups to each other, we found no significant differences between either ESSM-treated (group 2 oligozoospermic 55. Acrosomal integrity of sperm Figure 2d shows the acrosomal status of each group according to the scoring criteria indicated in materials and methods. The data demonstrated that the percentage of sperm with an intact acrosome was lower in oligozoospermic samples compared to normozoospermic samples either before or after cryopreservation. We found no statistical difference between ESSM-treated (group 2 and group 3) and ESSM-untreated sperm (group 1) before and after cryopreservation for overall data (p = 0.56 and p = 0.89, respectively). No difference was observed when oligozoospermic and normozoospermic samples from groups 1, 2, or 3 were compared either before (p = 0.90 and p = 0.55, respectively) or after cryopreservation (p = 0.33 and p = 0.92, respectively).
Sperm chromatin maturity
Based on the intensity of the staining, sperm cells were classified as light (mature), intermediate, or dark (arrested maturity spermatozoa) as described previously by Huszar et al. [30, 40] (Fig. 3a) . The percentages of dark stained immature sperm were compared between ESSM-treated and ESSM-untreated groups (Fig. 3b) . As expected, oligozoospermic samples showed the highest percentages of dark immature sperm regardless of ESSM treatment or cryopreservation. However, when the three groups were compared with each other, there was no statistically significant differences in terms of chromatin maturity for overall or oligozoospermic and normozoospermic samples (p = 0.66, p = 0.96 and 0.71, respectively). Finally, the percentages of immature sperm were not altered after cryopreservation as well (p = 0.78, p = 0.79 and 0.88).
DNA integrity of sperm
In order to analyze whether ESSM treatment reveals any evidence of higher DNA fragmentation and apoptosis, we performed the TUNEL assay. The results indicated that in oligozoospermic samples particularly, group 3 had highest DNA fragmentation. However, this was not found to be statistically significant either before or after cryopreservation (p = 0.80 and p = 0.45, respectively). As reported for other parameters tested, no significant differences were determined between ESSM-treated and ESSM-untreated samples by means of TUNEL assay for overall or normozoospermic samples (p = 0.65 and p = 0.58, respectively). These results were confirmed with the data obtained after cryopreservation as well (p = 0.93 and p = 0.94, respectively) (Fig. 3c) .
Conclusions
The introduction of ICSI [4] and discovery of the fertilization capacity of extracted sperm from testis [7, 41] have led to the development of different methods for testicular sperm retrieval. When the importance of extracted spermatozoa for ICSI is considered, an optimal method is needed to facilitate sperm retrieval while not creating any adverse effects on the sperm. However, potential optimal methods to obtain sperm from testicular tissue is still under debate [3] . During the process of TESE biopsy, extensive number of erythrocytes dominates the suspension and make it difficult to visualize the sperm. To improve the retrieval rate and decrease the time spent for sperm recovery, erythrocyte lysing buffer is used by some embryology laboratories. Verheyen et al. (1995) were the first to report using the erythrocyte lysing buffer to extract spermatozoa while comparing four different mechanical sperm retrieval methods. To test the toxicity of this medium, motility and vitality of capacitated donor spermatozoa were evaluated. The results indicated that there was no negative effect of the medium on sperm motility and vitality [9] . However, assessment of only sperm motility and vitality is not sufficient to determine all potential adverse effects of erythrocyte lysing buffer on sperm fertilization capacity. Apart from motility and vitality, additional sperm parameters and markers of human sperm maturity and function have been studied for many years to show sperm quality and to increase the success of infertility treatment [31, 42, 43] . Thus, in this study, we more comprehensively analyzed whether ESSM treatment has any potential side effects on several sperm parameters, including morphology, viability, HA-binding capacity, acrosome and DNA integrity, cellular maturation such as membrane, and chromatin maturity in freshly ejaculated and cryopreserved sperm.
As it is well known, sperm motility and viability are crucial features for fertilization capacity of human spermatozoon. These factors are also clinically relevant for evaluation of male factor infertility. Our data indicates that the percentage of sperm motility and viability were not statistically different between ESSM-treated and ESSM-untreated samples before and after cryopreservation. However, sperm motility and viability were decreased in each group after cryopreservation, similar to previous reports [44] [45] [46] . Thus, our data suggests a negative effect by cryopreservation rather than the effect of ESSM treatment on sperm.
Sperm morphology is another prognostic and diagnostic tool for the prediction of male fertility potential with regard to in vivo pregnancies and assisted reproductive technology (ART) outcomes [47] . Although ejaculated sperm is a heterogeneous population and many sperm in ejaculate may have abnormal morphology, previous studies have reported reduced fertility rates in ICSI with abnormal sperm morphology [48, 49] . Considering that our results clearly showed that ESSM treatment of freshly ejaculated and cryopreserved sperm do not have negative influence on sperm morphology.
In addition to sperm motility, viability, and morphology, many sperm selection techniques are being developed in several laboratories. Sperm HBA is one of the commercial kits being marketed for routine testing of sperm maturity and fertility [30, 50] . Huszar and colleagues have carried extensive studies showing that HA-bound sperm have completed membrane maturity during spermiogenetic maturation [30, 31] . For diagnostics, it is recommended for the hyaluronic acidbinding assay (HBA) to be applied before ART [43] . Thus, we analyzed the percentage of HA-bound sperm. Our results indicated that ESSM does not adversely affect hyaluronic acid-binding capacity or HA receptors or membrane maturity of human spermatozoa, while ESSM does lyse erythrocytes.
We also evaluated freshly ejaculated and cryopreserved sperm in terms of acrosome integrity between experimental groups. As it is widely known, the acrosome reaction is essential for fertilization [35] . According to our results, ESSM treatment neither affects acrosome integrity nor causes degenerative acrosome loss in all groups before and after cryopreservation. Even the acrosome-reacted sperm were increased in each group after cryopreservation; this increase is most likely the effect of sperm cryopreservation [51] rather than due to ESSM treatment.
Since nuclear immaturity of spermatozoa has been suggested to be one of the primary factors underlying male factor infertility [52] , ESSM-treated sperm was also evaluated in terms of chromatin maturity and DNA strand breaks of sperm nucleus. Even though there was no statistically significant difference, in group 3, oligozoospermic samples had the highest DNA fragmentation. Previously, Salian et al. (2012) showed that frozen-thawed spermatozoa from oligozoospermic samples were more susceptible to DNA fragmentation in different ICSI media compared to normozoospermic samples [53] . Therefore, the highest DNA fragmentation in frozen-thawed oligozoospermic samples may be due to the sensitivity of oligozoospermic samples regardless of the components of different medias. It seems that ESSM treatment did not adversely affect sperm chromatin and did not result in the significant increase of DNA strand breaks in freshly ejaculated and cryopreserved sperm in experimental groups.
In this study, we evaluated not only the adverse effect of ESSM treatment by itself, but also evaluated the potential effect of hemoglobin release for sperm parameters. Considering the clinical importance of pre-epididymal TESE materials, it is of note that only post-epididymal sperm samples were included in the present study which is a limitation on our experimental design. However, it is likely that sperm suffer oxidative stress and nuclear DNA damage during transit through the male genital tract, which leads to lower ejaculated sperm quality [54, 55] . Thus, it has been suggested that testicular sperm aspiration may allow access to higher quality of sperm, leading to better IVF results. For our study, even if freshly ejaculated (post-epididymal) sperm may not truly reflect testicular samples, our data indicated that ESSM treatment and increased hemoglobin in sperm suspension do not affect freshly ejaculated and cryopreserved sperm. While previously shown data indicated that erythrocyte lysing buffer treatment of testicular spermatozoa did not have a negative effect on fertilization and development rates [19] , the direct effect of erythrocyte lysing buffer on more comprehensive sperm parameters and maturation was unknown. Therefore, we studied the effects of ESSM on various semen parameters and sperm maturity markers in freshly ejaculated and cryopreserved sperm. Our data suggests that ESSM and cellular stress caused by erythrocyte lysis does not have harmful effects on the attributes of several sperm maturity markers. Usage of this medium facilitates sperm visualization by the embryologist, decreases the time spent for sperm recovery, and it also appears to be safe to use in embryology laboratories. However, further studies are required to further clarify the potential clinical usage of ESSM in clinics.
